In this study, we stacked a small molecule-based cell onto another polymer-based device to fabricate a tandem organic solar cell that extended the absorption range of the entire cell over a wider spectral range. Between the two subcells, we positioned a connecting structure comprising layers of Cs 2 CO 3 , Ag and MoO 3 . Current matching phenomena played an important role in determining the device efficiency. The judicious selection of subcells exhibiting superior current matching improved the performance of the tandem cell. Indeed, in the optimally performing tandem cells we obtained both a high open-circuit voltage (1.21 V) and an improved power conversion efficiency (1.81%). From analyses of the surface morphology and transmission spectra of the middle Ag layers, we deduced that the main function of this film was to provide more sites for efficient recombination of holes and electrons. The thickness of this layer was limited by its transmittance. A thinner Ag layer allowed more light to be harvested by the top cell, increasing the overall performance of the tandem cell.
Introduction
Organic photovoltaic devices offer the advantageous features of light weight, low cost and mechanical flexibility to their applications in solar energy conversion [1] [2] [3] [4] [5] . The most efficient organic solar cells reported so far have been fabricated based on donor-acceptor heterojunction structures [6, 7] . Because of the high binding energy, excitons generated upon light absorption in organic semiconductors can only be dissociated into free electrons and holes at such heterojunctions between two materials possessing opposite electron affinities; this dissociation event contributes to the photocurrent. The power conversion efficiency (PCE) of organic solar cells containing heterojunctions has been improved recently up to 3 Author to whom any correspondence should be addressed. ca 6% [8, 9] . Further improvements will require solving some fundamental problems associated with organic materialssuch as the low mobility and limited absorption range of single organic materials-in order to meet the high efficiency required for practical applications.
To extend the spectral coverage of the photoactive layers, tandem solar cells, or devices featuring multiple junctions, have been studied widely since 1990 [10] . Different materials possessing various absorption ranges are employed together in the semiconducting layers of the individual cells; these subcells are connected in series by intermediate layer (s) .
Enhanced spectral coverage can be achieved through superposition of the absorption spectra of these layers in different subcells. For example, Hiramoto et al presented an early study of small-molecule-based tandem devices connected through a semitransparent Au interlayer [10] . Yakimov and Forrest stacked two cells with ultrathin layers of Ag nanoclusters, which served as recombination centres for unpaired charges from the subcells [11] . Hybrid structures, consisting of thermally evaporated small-molecule and solution-processed polymer layers, have also been developed [12, 13] . More recently, a solution-processed tandem cell exhibiting complementary absorptions in each subcell was demonstrated by connecting subcells through a composite interlayer to prevent dissolution of the bottom layers [14, 15] . Kim et al fabricated tandem solar cells through all-solution processing and achieved a remarked PCE of 6.5% [8] . Nevertheless, systematic investigations of the device characteristics and relevant physics remain rare, especially for devices containing hybrid structures. In this study, we used poly(3-hexylthiophene) (P3HT) and poly[2-methoxy-5-(2 -ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) as electron donor materials and [6, 6] -phenyl-C 61 -butyric acid methyl ester (PCBM) as an electron acceptor for the fabrication of bottom cells; for the top cells, we used the small-molecule pentacene as the electron donor and fullerene (C 60 ) was used as the electron acceptor (figure 1). We employed evaporation of pentacene to avoid possible interlayer mixing during a spin-coating process used to fabricate the top cells. For the intermediate (connecting) layers, we used a trilayer structure to link the cells. With this model device structure in hand, we systematically investigated the optical and electrical properties of the organic tandem cells. Figure 1 (a) depicts the device structure of the tandem cells; figure 1(b) presents the energy levels of the materials used in this study and work functions of the electrodes. The devices were prepared on patterned indium tin oxide (ITO)-coated glass substrates. The ITO substrates were cleaned sequentially with a detergent, acetone and isopropanol. After cleaning, the substrates were dried in an oven. Prior to deposition of the organic layers, the substrates were further treated with UV-ozone for 15 min. For the fabrication of the bottom cell, poly (3,4-ethylenedioxythiophene) : poly(styrenesulfonate) (PEDOT : PSS) was spin-coated onto the substrates. After thermal annealing of the PEDOT : PSS layer at 120
Experimental details
• C for 1 h, the active polymer layer, consisting of either P3HT and PCBM (1 : 1, w/w) or MEH-PPV and PCBM (1 : 4, w/w) dissolved in 1,2-dichlorobenzene, was deposited on top of the PEDOT : PSS layer. For the P3HT : PCBM and MEH-PPV : PCBM films, the substrates were thermally annealed at 110
• C for 15 min and at 70
• C for 30 min, respectively. After deposition of the polymer layers, the connecting structure was deposited through sequential thermal evaporation of layers of Cs 2 CO 3 (0.5 nm), Ag (1.5 nm) and MoO 3 (3.0 nm). A 45 nm thick electron donor layer of pentacene was then deposited, followed by a 30 nm thick electron acceptor layer of C 60 . Next, a 10 nm thick layer of bathocuproine (BCP) was deposited as an exciton blocking layer. Finally, Al (100 nm) was deposited through a shadow mask to define the device area. The device current density-voltage (J -V ) curves were obtained using a Keithley 2400 source-measure unit. The measurements of the device characteristics were performed under illumination (100 mW cm −2 , AM 1.5G) with light provided by a solar simulator (Oriel 150W). The illumination intensity was calibrated using a standard Si photodiode detector equipped with a KG-5 filter [16] . The absorption spectra were obtained using a Perkin-Elmer Lambda 650 spectrometer. The thin film morphology was visualized using a DI 3100 series atomic force microscope (AFM). bilayer structure featured two major absorption peaks: one at ca 400-500 nm and the other at 600-700 nm. By combining the polymer and small-molecule layers, the absorption spectrum of the tandem cell was extended to cover almost the entire visible spectrum. Figure 2 (b) displays the absorption spectra of the other photoactive polymer layers (MEH-PPV and PCBM blend). The main absorption peak of MEH-PPV was located at ca 480 nm, slightly blue shifted relative to that of P3HT. Similarly, the absorption of the tandem cell prepared from MEH-PPV : PCBM blends could also be extended to ca 700 nm. and FF were 0.33 V, 4.86 mA cm −2 , and 38%, respectively, yielding a PCE of 0.61%. The corresponding polymer single cell exhibited superior performance, with values of V oc , J sc and FF of 0.59 V, 7.67 mA cm −2 , and 56%, respectively; its calculated PCE was 2.51%. Note that the efficiency of the small-molecule cell was slightly lower [17] [18] [19] . A higher efficiency is expected after we purify the organic compounds. Although the tandem cell had a higher value of V oc , its PCE was worse than that of the single P3HT : PCBM cell because of the lower values of its photocurrent and FF. We also note that the value of V oc of the tandem device was less than the sum of open-circuit voltages of the individual reference cells. Table 1 summarizes the device structures and their electrical properties.
Results and discussion

Optical and electrical properties of the tandem cells
Current matching
One of the critical issues for achieving high efficiency in tandem cells is current matching between the two subcells [15] . Figure 4 displays the J -V characteristics of the tandem cells prepared using different thicknesses of the P3HT : PCBM layers. The short-circuit current decreased with increasing thickness. One should note that the best condition for the P3HT : PCBM-based device was around ∼200 nm [20] . In contrast, for the tandem cells, the optimal thickness of the P3HT : PCBM layer was 80 nm in this study. The polymerbased bottom subcell probably required a lower photocurrent to match that of the top subcell to obtain the higher PCE of the tandem cell [15] . Because the photocurrent of the polymer-based cell was higher than that of the small moleculebased subcell, the excess electrons from the former could not recombine with the holes from the latter, thereby resulting in charging of the middle electrode. Therefore, the charges compensated the built-in voltage in the device and resulted in a reduced value of V oc of the tandem cell.
For achieving better current matching, rather than using a P3HT : PCBM subcell, we employed an MEH-PPV : PCBM device, which exhibited a higher value of V oc (0.85 V) and a lower value of J sc (3.62 mA cm −2 ) [21] , to match the top small molecule-based subcell. Figure 3(b) displays the J -V characteristics of the tandem cell and the reference cells. As expected, the resulting value of V oc of the tandem cell was 1.21 V, close to the sum of the voltages of the reference cells. Because the photocurrent of the subcells was more closely matched, we obtained higher efficiency (1.81%). Table 1 also summarizes the electrical properties of this system. Figure 5 displays the dependences of the values of V oc , J sc and PCE of the reference cells and the tandem cell on the intensity of the incident light. The maximum value of V oc of each cell was obtained at a different light intensity. For all the devices, the open-circuit voltages gradually increased with the light intensity up to ca 1 sun, becoming almost saturated thereafter ( figure 5(a) ). In addition, the short-circuit current also increased with increasing light intensity ( figure 5(b) ). Interestingly, the values of J sc of the tandem cell were either equal to or smaller than those of the reference polymer-and small molecule-based cells, following the lower value up to ca 2.5 sun. We attribute this phenomenon to current matching, as described above. When the light intensity was greater than 2.5 sun, however, the current was further limited; in this case, the values of J sc of the tandem cell were lower than those of both the polymer-and small molecule-based cells. Although we are still investigating these interesting phenomena, we suspect that the photocurrent might be further limited by the recombination efficiency of the middle Ag layer at high illumination intensity. c) indicates that while the maximum efficiencies of the reference polymer-and small molecule-based cells were obtained under illumination at 1 sun and 1.5 sun, respectively, the maximum efficiency of the tandem cell (1.93%) occurred under 2 sun. We suspect that when the incident light intensity was stronger, more light passed through the polymer subcell to be absorbed by the small molecule-based top subcell. Because the top cell limited the overall device current, more current could be extracted from the tandem cell when stronger illumination was applied; in turn, this phenomenon enhanced the PCE of the tandem cell. Therefore, we infer that some optical structures on photovoltaic devices could be further designed to concentrate the incident light to increase the performance of the tandem cells.
Effect of the illumination intensity
Effect of the middle electrode
To further investigate the functions of the connecting structure, we prepared tandem cells incorporating different connecting layers. Figure 6 reveals that the tandem device fabricated without any connecting layer exhibited very low values of V oc and J sc . Even we added functional layers of MoO 3 and Cs 2 CO 3 in an attempt to form ohmic contacts with both subcells, the subcells remained poorly connected: the opencircuit voltage of the tandem cell was only 0.65 V. The subcells were only effectively connected after we constructed a trilayer electrode structure, suggesting that a charge recombination zone (Ag layer) was essential feature of an efficient tandem cell. On the other hand, when we incorporated only a thin Ag layer between the subcells, the value of J sc remained severely limited, although the value of V oc was larger than those of the other devices ( figure 6 ). These results indicate that electrode modification layers, i.e. MoO 3 or Cs 2 CO 3 , were also the other essential features leading to lower resistance between the contacts. In short, because the interlayers (MoO 3 and Cs 2 CO 3 ) and the middle Ag layer were all required, we conclude that an effective connecting structure should perform two functions simultaneously: it should serve as a recombination centre and reduce the injection barriers for electrons and holes at the interfaces between the interlayers and the organic thin films.
To understand the function of the middle Ag layer, we prepared tandem cells incorporating different thicknesses of this layer. Figure 7 (a) displays the resulting device performances. While the thickness of the Ag layer decreased from 45 to 7 Å, the value of J sc increased from 2.79 to 3.68 mA cm −2 , the value of V oc increased from 1.15 to 1.21 V and the FF decreased slightly to 40%. The highest PCE was obtained while the Ag thickness was 15 Å. Table 2 provides a summary of the electrical properties.
From the slopes of the J -V curves recorded in the dark, we calculated the device series resistances (R s ) of the devices featuring different Ag layer thicknesses (table 2) [22, 23] . Unexpectedly, we found that the value of the device R s increased gradually from 5.51 to 8.51 cm 2 with an increase in the thickness of the Ag layer from 7 to 45 Å. The major contributors to the value of R s were the contact resistances between the layers and the bulk resistance of each layer. The value of the contact resistance is influenced by the interface between the electrodes and the organics. Because the bulk resistance remained unchanged after increasing the thickness of the Ag layer, the increase in R s presumably resulted from property changes at the middle electrode.
To understand the reason for the increased value of R s , we recorded AFM images of the Ag layers on the bottom cells. When a 7 Å thick layer of Ag was deposited on the surface, the AFM images indicated that the Ag formed isolated clusters ( figure 8(a) ). Even the 45 Å thick Ag 'layer' was not continuous ( figure 8(d) ). Such nanocluster layers would trap charges readily; subsequently, the attracted opposite charges would enhance the recombination process [24] . On the other hand, the buildup of the space charges possibly increased the device series resistance, especially in the absence of illuminating light. In other words, the major function of the middle Ag layer was not to directly 'connect' the subcells; rather, the Ag nanoclusters provided more efficient sites for recombination of holes and electrons from the top and bottom subcells, respectively. Figure 8 reveals that Ag nanoclusters formed when the Ag thickness was less than 45 Å. To understand why the optimized Ag layer thickness was less than ca 15 Å, we measured the transmittance spectra of these solar cells incorporating different Ag layer thicknesses (figure 9). The average transmittance of the Ag layer in the wavelength range 400-800 nm increased from 57% to 91% when the thickness of the Ag layer decreased from 45 to 7 Å. With the incident light being introduced from the bottom ITO electrode, more photons could transmit through the Ag layer and could be absorbed by the bottom pentacene/C 60 subcell when the Ag layer was thinner. Because the PCE of the small molecule-based top cell increased up to an illumination of ca 1.5 sun ( figure 5(c) ), we deduced that the overall performance of the tandem cell improved when the top cell could harvest more photons under the standard illumination conditions (1 sun).
To further confirm our hypothesis, we measured the incident photon-to-electron conversion efficiency (IPCE) of the devices prepared with different thicknesses of the middle Ag layer ( figure 7(b) ). The small molecule-based reference cell is also included for easier comparison. Note that the major absorption of the MEH-PPV : PCBM active layer was located below 550 nm and the layers of pentacene/C 60 exhibited a significant absorption between 500 and 700 nm ( figure 2(b) ). In figure 7 (b) we clearly observe that the contribution of the photocurrent from the small molecule-based subcell decreased with increasing thickness of the middle Ag layer, suggesting that fewer photons could pass through this layer. Therefore, when the thickness of the Ag was 45 Å, for example, the smaller photocurrent generated from the top cell limited the overall current of the tandem cell because of the current matching phenomenon, thereby decreasing the PCE.
Conclusion
We have prepared organic tandem solar cells by stacking polymer-and small molecule-based subcells together through an effective connecting structure comprising Cs 2 CO 3 , Ag and MoO 3 layers. Whereas the photoactive layer of the polymer subcell mainly absorbed photons having wavelengths of less than 600 nm, the small molecule-based layer of the top cell exhibited significant absorptions well beyond 600 nm, thereby extending the overall absorption regime. We found that a current matching phenomenon played an important role in determining the device efficiency. Although the P3HT : PCBM single-layer device had a higher photocurrent and PCE, the performance of the tandem cell prepared from the P3HT : PCBM subcell was worse than that of one made from the MEH-PPV : PCBM subcell. Although the single-layer (reference) cell incorporating MEH-PPV as the photoactive polymer exhibited a lower photocurrent, it was a much better match for that of the small molecule-based top cell. As a result, this system achieved both a high open-circuit voltage (1.21 V) and a high PCE (1.81%). From analyses of the device characteristics and transmission spectra of the Ag layers, we deduced that the main function of the middle metal layer was to provide more sites for efficient recombination of holes and electrons. The thickness of such a layer is, however, limited by its transmittance. When the Ag layer was thin, more light was harvested by the top cell, thereby increasing the overall performance of the tandem cell.
